INTRODUCTION -:-3624
Salinity and sodicity are soil conditions that occur mainly in arid and semiarid regions. Rainfall leaches salts out of soils in humid regions, and salt problems are rare and transitory.
Ions that contribute to soil salinity include Cl-, S042-, HC03-, Na+, Ca2+, Mg2+, and, rarely, N03-or K+. The salts of these ions occur in highly variable concentra tions and proportions. They may be indigenous, but more commonly they are brought into an area in the irrigation water or in waters draining from adjacent areas. Natural drainage is often so poorly developed in arid regions that salts collect in inland basins rather than being discharged to the sea.
Saline soils contain soluble salts in quantities that affect plant growth adversely, the lower limit for a saline soil being set conventionally at an electrical conductivity of 4 mmho/cm in the soil saturation extract (75) . Actually, sensitive plants are affected at half this salinity, and highly tolerant ones at about twice this salinity (8) .
Sodic soils contain excess exchangeable sodium with, by definition, 15% or more of the cation exchange sites of the soil occupied by Na+ (75) . Plants sensitive to sodium are, however, affected at lower exchangeable sodium percentages. Sodic soils may be either nonsaline or saline.
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BERNSTEIN with normal plants reveals the extent of salt inhibition. Soil salinity measurements, together with salt-tolerance data, aid in diagnosing suspected salt problems in such cases.
Salinity usually varies greatly in a salt-affected field, and may be so high in spots as to inhibit germination completely and caUSe bare spots. Uneven growth, while suggesting saline conditions, requires confirmatory soil analyses to distinguish salinity from other factors that may cause variable growth.
The foregoing description of plant symptoms relates primarily to annual (non woody) plants. Trees, vines, and shrubs, in addition to stunting, often show specific leaf injury caused by toxic accumulations of chloride or sodium. When leaves of such woody plants accumulate about 0.5% Cl or 0.2% Na on a dry-weight basis, characteristic marginal or tip burn, or other necrotic leaf symptoms develop (9, 22) . Some species, such as bougainvillea, can accumulate chloride without leaf injury (20) . Bronzing of leaves, rather than leaf burn, indicates chloride toxicity in privet and citrus (20, 22) . Apart from bronzing and some rare effects of cation imbalance, chlorosis is not a characteristic symptom of salt injury. The frequently encountered chloroses in subhumid and arid regions are found on calcareous soils (lime-induced chlorosis) or minor element-deficient soils, rather than on saline ones (22) .
Although most non woody plants do not develop leaf burn, they do accumulate chloride and sometimes sodium to levels as high or higher than those that injure susceptible woody species. However, sprinkling with brackish watcrs causes leaf burn in some annual crops (19, 39) .
SALT EFFECT MECHANISMS
Over several decades two schools of thought have disputed the relative importance of osmotic and specific-ion effects. The osmotic school (22) claims that most of the adverse effects of salinity are related to the decreased osmotic potential (i.e. in creased osmotic pressure) of saline root media, whereas the specific-ion school (30, 74) thinks that the effects are caused mostly by the specific effects of individual ions. The consequences of these opposing views are not trivial. If saline effects depend upon specific ion concentrations, then soil salinity appraisal requires the determina tion of these individual ions. If, on the other hand, osmotic effects predominate, only osmotic potential or some colligative or related property of solutions needs to be determined-a much simpler task.
The evaluation of soil salinity is complicated by differences in salinity measure ment methods. Russian scientists (74) and many ecologists (29) extract all soluble salts and express individual ions or total solUble salts on a dry-soil basis. Salinity of the soil water, however, depends not only on the quantity of salt present but also on the volume of water a soil normally holds. Fine-textured soils may retain up to five times as much water as coarse-textured soils. At a given salt content on a dry-soil basis, the coarse-textured soil will have a soil solution concentration five times that of the fine-textured soil (75). Separate salinity criteria must then be established for each soil type, as well as for each type of salinity (74) . Such saline soil classifications appear to confirm the specificity of soil salinity effects because plant tolerances vary widely from soil to soil and salt type to salt type. Thus, a prior belief in the specifi city of salt effects leads to a method of salinity appraisal that appears to confirm the prior assumption.
Soils may contain amounts of sparingly soll!ble salts such as gypsum many times greater than can be held in solution in the field water-content range. Gypsiferous soils may appear to be highly saline when exhaustively extracted, but the soil solution may be nonsaline because of the limited solubility of gypsum (the electrical conductivity of a saturated gypsum solution is 2.2 mmho/cm). Soils have even been salinized for salt-tolerance studies without regard to the limited solubility of some of the salts used (10).
Osmotic Effects

CRITERIA AND SUPPORTING EVIDENCE
Osmotic effects can be said to pre dominate when plant growth is related to the osmotic potentials of root media that contain different salts or combinations of salts. Eaton demonstrated that chloride salinity was twice as inhibitory as sulfate salinity per milliequivalent of salt in his sand-culture solutions (30) . However, the osmotic potentials in his media were equal when the chloride solutions had half the concentration of his sulfate solutions on a milliequivalent/liter basis. Thus, response was well correlated with the osmotic potentials of chloride and sulfate media. Similar fi ndings have been reported by others (22) .
When isosmotic concentrations of single salts are added to a base nutrient solu tion, different salts may affect growth quite differently. Thus, CaCl 2 is more injurious to bean plants (Phaseolus vulgaris L.) than isosmotic concentrations of NaCI (7). Bean plants avidly absorb Ca 2 + at the expense of K+ and Mg2+ uptake, with resultant nutritional imbalance. Conversely, CaCl 2 is tolerated better by maize (Zea mays L.) than are isosmotic concentrations of other chloride salts. Maize cannot absorb nutritionally adequate amounts of Ca from a nutrient solution unless added Ca salts contribute to the increased salinity of the media. Salinity in the field is usually caused by mixtures of salts rather than a single salt. With mixed salts, both maize and bean respond to the osmotic potentials of the media with wide tolerances to the proportions of individual salts in the media (7). Thus, under saline fi eld conditions in which Ca2+ as well as Na+ concentrations are high, plant response will be well correlated with the osmotic potential of the soil water. Nonsaline sodic soils that are high in Na and very low in Ca and Mg cause specific nutritional deficiencies, and thus differ from saline soils (see beloW).
Although the relationship of growth to osmotic potential appears adequate to justify using osmotic potential as a measure of salinity, specific ions may still influence the quality of growth (e.g. the leaf succulence caused by chloride salinity). High Ca2+ concentrations cause chlorosis in beans, even in mixed salt solutions that cause no specific effect on growth (7) . Specific ions may also influence respiratory pathways, as in pea roots (66) .
Difficulty in measuring the osmotic potentials of solutions has only recently been overcome with the availability of commercial osmometers. Since the electrical con ductivity (Eq of soil extracts is well correlated with their osmotic potentials and is easily measured, EC has been routinely used as a measure of salinity (75) . At a given soil-salt content, EC will vary inversely with fluctuations in soil-water content; for many diagnostic and comparative purposes, EC at a reference soil-water content for a given soil is desirable. Moreover, extraction of soil water from soil in the field water-content range requires special equipment and is time consuming. The EC of the soil saturation-extract has, therefore, been commonly adopted for salinity ap praisal. The saturation percentage represents a fairly constant dilution of the soil solution and takes into account the water-holding capacity of the soil (75) . Extracts with fixed ratios of soil:water such as 1:2 or 1:5 do not take into account the water-holding capacity of the soil and are also less indicative of the soil-water composition because of the effects of increased dilution (75) . Fixed ratio extracts, however, may be used when many analyses are made on a given soil. Conversion to equivalent ECe values requires determination of the ratio ECe:ECx for the soil in question where x denotes the fixed ratio extract (75) . Table 1 relates crop response to the electrical conductivity of saturation extracts (ECe). OSMOTIC ADJUSTMENT Although abrupt decreases in osmotic potentials of root media decrease the osmotic gradients for water uptake, such effects do not persist. After a day or two, the osmotic potentials of plant organs decrease to match the decrease in osmotic potential of the medium, and osmotic gradients are therefore not affected (5, 6) . If plant resistance to water movement is not changed, water uptake from saline media can equal that from nonsaline media, so that turgor may be unaffected by salinity (34) . Some exceptions have been noted (36) . Mechanisms for osmotic adjustment vary among plant species, and are the basis for one major classification of halophytes (29) . Those that accumulate salts in effecting osmotic adjustment are known as euhaJophytes; those that accumulate organic solutes rather than salts are called glycohalophytes (29) . Similar distinctions appear among crop plants. In carrot roots, for example, increased sucrose concen trations under saline conditions provide a major component for osmotic adjustment (13) , but in beets salt, rather than sugar, concentration increases. Salt tolerance among species does not appear to be generally correlated with the level of salt accumulation. Some relatively salt-sensitive species, such as maize, restrict salt uptake better than some highly tolerant species such as beets (7).
Short-term osmotic adjustment immediately following salination is mediated by increased cellular K and organic acid concentrations. In a day or two, other cations and anions (e.g. CaH or Na+ and CI-) may replace the organic salts of potassium in effecting osmotic adjustment (6) .
The growth of salt-affected plants is impaired despite complete osmotic adjust ment and the maintenance of ful! turgor. What, then, causes the decrease in growth? A clue is provided in that osmotic adjustment generally so well matches in magni tude the decreased osmotic potential of the medium. Because growth depends on the maintenance of turgor (40) , osmotic overadjustment might increase turgor and accelerate growth, whereas underadjustment would retard growth until additional absorbed solutes (salts) or synthesized solutes (organic compounds) effect the requi site adjustment. Thus, the reduction in growth may be regarded as a consequence of the requirement for osmotic adjustment (5) and the primary mechanism for effecting it. This interpretation is complicated by the different mechanisms for osmotic adjustment. A species may utilize readily absorbable ions when present, but rely on synthesized (organic) osmotica when ions in the saline medium are only slowly absorbable. Chloride and sulfate ions for most species are readily and slowly absorbable, respectively, so CI-generally contributes much more to osmotic adjust ment than does S042-. Yet the different salts at equal osmotic pressure may cause equal yield decreases. One may infer that the absorption of an equivalent of chloride is metabolically equivalent to the synthesis of an equivalent of organic acid.
It has been observed that salinity may increase respiration (60) . This increased respiration is maintained as well after osmotic adjustment as during the course of adjusting osmotically (53) . Perhaps as much respiratory activity is needed to retain the solute concentrations required for osmotic adjustment as is needed to increase them initially to effect osmotic adjustment.
Attempts have been made to separate osmotic effects from associated specific ion effects by the use of organic osmotic agents (49, 51, 71, 73) . Ideally, these agents should be non absorbable so that they cause no secondary effects. Osmotic adjust ment may still be achieved by greater accumulation of nutrient ions (e.g. K+) or of organic solutes (6, 49) . The effects of such solutes as polyethylene glycol compared to those of salts, have given inconclusive results. "Inert" osmotica inhibited growth more in some cases than isosmotic salt solutions (73) and less in others (5 I).
Because saline media invariably include one or more ions that are readily ab sorbed, they are not, of course, inert osmotic solutions. Even though roots are directly exposed to salinity and absorb and retain more ions than are translocated to the shoots (all roots, for example, take up Na+), root growth is generally less affected by salinity than is top growth (22) . With some salt treatments, such as Na 2 S04' shoot mineral contents of UNa excluders" such as beans and maize may be affected very little by salinity (7) . Specific effects of such salt treatment, if they occur at all, must involve the roots. Because ions, such as Na+ and CaH, that exert quite diverse effects physiologically can produce equal effects on growth, specific ion effects would not appear to be a significant factor in determining growth inhibition. Of course, a degree of physiological balance between Na and Ca must be present, if toxicity due to high concentrations of Na alone is to be avoided (22) .
Another possible mechanism whereby effects on roots could be transmitted to shoots without salt transport to the shoots is through altered hormonal status. If the transport of hormones from roots to the shoots is inhibited by salinity (see the following section), shoot growth may be impaired even if no salts accumulate in the shoots. An attempt to supply salinized bean plants with exogenous kinetin to correct for kinetin deficicncy only aggravated salt injury (50) . In another study, kinetin treatment markedly reduced salt damage to tobacco, but the kinetin treatment itself was more growth inhibitory than were the high salinity levels employed (3). Toler ance of soybeans to abrupt lethal salination was increased by the prior application of growth retardants (56) , but growth inhibition of soybeans by continuous salinity was not affected by treatment with Amo-1618, a growth retardant (L. Bernstein, unpublished; but see reference 21). In the latter case, the inhibitory influences of salinity and the growth retardant were additive.
HORMONAL CHANGES AND EFFECTS OF RELATIVE HUMIDITY Salination has been observed to alter the hormone balance in plants. An increase in salinity caused a decreased transport of kinetin from roots to leaves, and an increase in leaf content of abscisic acid (58, 59). Both changes decrease stomatal aperture. These hormonal responses may mediate the adjustment of plants to salinity by reducing stomatal aperture and water loss. These hormonal changes were observed in plants shortly after salination, and their persistence is questionable. Plants growing under saline conditions do not appear kinetin-deficient. Older leaves of salt-affected plants do not senesce earlier and often are retained longer than those of nons aline controls; nor does decreased stomatal aperture appear to be generally persistent in salt affected plants (34, 36) . Indeed, increased storage of photosynthate under saline conditions in some species indicates that photosynthesis and stomatal aperture are not growth limiting (13) . The changes in hormone levels following salination may well be an immediate aftereffect of such treatment, but a rather ephemeral one that may disappear in most cases as soon as osmotic adjustment is effected and water stress is relieved.
Salt-sensitive species are affected less by salinity when relative humidity is high than when it is low (47, 55, 61) . This may be the result of reduced transpiration at high relative humidities. Water stress may not be as great when osmotic gradients are reduced, so the check in growth leading to increased solute concentrations is less. Hoffman & Rawlins (47) reported lower leaf osmotic potentials at 45% than at 95% relative humidity. Mizrahi et al (58) found that low relative humidity increased abscisic acid in leaves and suggest therefore that leaf water stress is the primary signal for modifying plant hormone balance.
Water stress induced by salinity or low relative humidity causes a shift in COr fixation from C3 to crassulacean acid metabolism in the halophyte, Mesembryan themum crystallinum (80, 81). ENZYME LEVELS AND ACTIVITIES Specific ion effects may be expected because of the well-established influence of specific ions on enzyme activities. Enzymes such as malate dehydrogenase and acetic thiokinase show optimum activity at a salt (Na+ or K+) concentration of 0.04 M, and decreased activity at higher concentra tions (45, 46) . Growth decreases may, however, occur in organs that do not show increased accumulation of these ions. Moreover, halophilic higher plants, unlike halophilic bacteria (48), do not possess enzymes that require higher salt concentra tions for optimum activity (41 , 64) . The enzymes of saltbushes and bean or maize were equally affected by salinity in vitro, and saline growing conditions did not affect enzyme levels (41, 77) . It appears likely that salts are sequestered largely in vacuoles of higher plants where they contribute to the osmotic properties of cells without important effects on enzyme activities.
Nutritional Effects
SALINITY AND CATION NUTRITION The major nutritional effects of salinity are those associated with cation nutrition. Although imbalances in cation nutrition tend to be corrected when mixed salts are present, imbalances sometimes do occur. Some varieties of carrots contain higher levels of K and lower levels of Ca than others under nonsaline conditions (13) . When salinized with sodium and calcium chlorides, all varieties increased in Ca and Na and decreased in K. Those varieties with higher K contents in the nonsaline treatment were less affected by these changes in nutri tion, and produced higher yields than the varieties with lower K contents.
Salinity-induced Ca deficiencies cause blossom-end rot of tomato and bell pepper, and blackheart of celery (37) . Proportions of Ca in the medium that are adequate under nonsaline conditions become inadequate under saline conditions. To increase available Ca under saline conditions would require heavy applications of Ca salts to the soil, increasing salinity and further inhibiting growth. Spraying the foliage with solutions of Ca(N03)2 or CaCl2 provides the Ca required for adequate nutrition through foliar absorption, without increasing soil salinity (38).
SODICITY AND CATION NUTRITION The nutritional effects of sodicity are not simply related to the exchangeable sodium percentage (ESP) of soils. Plant response is governed by the concentrations of ions in the soil solution, rather than by their proportions on the exchange complex. When soils are nonsaline, total soluble salt concentrations are low. Increases in exchangeable sodium are balanced by decreases in exchangeable Ca and Mg, leading to Ca and/or Mg defi ciencies when the concen trations of these elements in solution become defi cient (Table 2A) . In saline-sodic soils at similar ESPs, the concentrations of all elements in solution are greater and may remain nutritionally adequate (Table 2B ). In saline-sodic soils, therefore, salinity effects predominate, and the nutritional effects of sodicity are usually absent (7, 52) . The sodium-adsorption ratio (SAR) = Na+ / [(CaH + MgH)!2]'12 where ionic symbols refer to concentrations in the soil solution in meq/liter. At equal SARs, ESPs are equal, regardless of total salt concentrations (75) .
Tolerance of crops to sodicity under nonsaline conditions varies widely. The crops most sensitive to the nutritional effects, such as beans (Phaseo/us vulgaris), are affected at ESPs of about 10. Most crops are moderately tolerant, and are affected nutritionally at ESPs of about 25. Highly tolerant crops, such as beets (Beta vul garis) and tall wheatgrass (Agropyron elongatum), are not affected until ESPs reach or exceed 50 (24, 65) . Tolerance reflects the species' ability to absorb nutritionally adequate levels of Ca and Mg from low concentrations of these elements in the soil solution.
SALINITY-FERTILITY INTERACTIONS Basic salt tolerance data have been derived primarily under optimal conditions of fertilization (8, 75) . In some areas, however, optimum fertilization may be either uneconomic or impossible because of lack of fertilizer. We need to know, therefore, how suboptimal fertilization affects crop response to salinity. It has been suggested that increased fe rtilization may overcome some of the inhibitory effects of salinity (44, 67) . When salinity induces a nutrient deficiency such as that of calcium, specific corrective treatment will obviously be beneficial. Whether increased applications of N, P, or K over and above the levels required under nonsaline conditions will improve yields on saline soils is quite another matter. Although the effects of salinity on nutrient absorption have been frequently studied (7, 22) , only recently have the effects of salinity at different levels of fe rtility been specifically investigated. Ravikovitch and co-workers (67, 68) have reported apparent increases in salt tolerance when Nor P levels under saline conditions were greater than those that were optimum under nonsaline conditions.
In sand-culture studies, Bernstein et al (21) determined the interactive effects of salinity and fe rtility on yields of grains and vegetable crops. When either nutrient deficiency or salinity was moderate and yields were only moderately depressed (i.e. by about 25%), the effects of salinity and fertility tended to be independent and additive. Strongly inhibitory salinity or nutrient deficiency, however, tended to control yield regardless of the level of the other factor.
Levels of phosphate commonly used in nutrient culture work (0.5-2 mM) in creased plant injury under saline conditions, although these phosphate levels were not injurious under nonsaline conditions. The increased injury by high P under saline conditions was attributed to P toxicity (21) .
Increasing the level of N (as nitrate) had no significant effect on salt tolerance. Reducing the K level from 2 to 0. 35 mM had no effect on salt tolerance of maize.
Although salinity in some cases decreased leaf P when P levels were adequate, it tended to increase leaf P or N when these elements were deficient in the culture solutions. It was concluded that increased nutrient levels would not significantly increase salt tolerance except where salinity induced a nutrient deficiency, or when poor soil physical conditions seriously impaired root development, thereby causing nutrient deficiencies (21) .
Physical Effects in Sadie Soils
Nonsaline-sodic soils are characterized by poor physical condition (75) . Exchangea ble sodium defl occulates such soils, and dispersed soils have low permeability to water and air. They tend to be sticky when wet, and very hard when dry. Black, solubilized organic matter frequently accumulates at the soil surface, giving rise to the name "black alkali." When sodic soils are saline, the high salt concentrations promote flocculation so that permeability is more nearly normal.
Plant growth is adversely affected by the poor physical condition of nonsaline sodic soils. Even crops that tolerate high levels of exchangeable sodium nutritionally often fail because of the adverse physical condition of sodic soils. Of the crops tested, only rice growing in flooded soils, and therefore insensitive to soil physical condi tions, was unaffected by poor soil structure (65) . Although it was possible to main tain good soil structure experimentally in sodic soils by means of soil-conditioning agents and to distinguish between the adverse physical and nutritional effects (24, 65) , the improvement of sodic soils by these means is not economically practical. Rcmoval of exchangcable sodium by thc addition of soil amendments and leaching is the only practical correction for sodic soil conditions (75) .
Toxicities
SODIUM AND CHLORIDE Although the specific effects of an excess of any ion may be regarded as a toxicity, it is useful to distinguish between nutritional effects and direct toxicities (22) . Sodium and chloride may be directly toxic and cause characteristic leaf burn in susceptible species (9, 22) . The tan or brown necrotic lesions are usually sharply separated from the adjacent healthy green tissue with no symptoms of progressive deterioration in cells adjacent to the lesion (9). Woody plants are generally susceptible, although some exceptions have been noted (9, 20) .
In an exceptional case among non woody plants, the differential salt tolerance of soybean varieties has been attributed to differential chloride accumulation (2), which appears to be controlled by a single gene with CI exclusion dominant over CI accumulation (1). The greater salt tolerance of tideland grass ecotypes compared to upland ecotypes has also been attributed to decreased transport of Na and CI to the shoots (42). Species and even varieties within a species among fruit crops may differ in toler ance to chloride (9) . The more chloride-tolerant plants absorb Ci-more slowly, but the leaf-chloride level at which injury occurs tends to be similar for all susceptible plants (22) . Tolerance to chloride salinity may be significantly improved by using rootstocks or fr uit crop varieties that absorb chloride more slowly. The most chlo-ride-sensitive plan ts may be injured when chloride in the soil saturation extract exceeds 5 or 10 meq/liter, whereas the most toleran t plants are damaged only at chloride concentrations of about 30 meg/liter or more. Grape rootstocks differ in chloride transport to the leaves by as much as 15-fold (IS).
There is generally an overlap between the Cl or Na levels in injured and uninjured leaves of a givcn plant. Duration of exposure to thc accumulated toxic ions may be a factor in thc development of injury. Weather conditions are also critical. During the spring, leaves may contain toxic levels of CI or Na and show no symptoms of injury. Leaf burn appears suddenly following the onset of hot, dry weather in early summer (31) . These observations and the similarity of chloride or sodium injury patterns to those of drought injury (20, 22) support the idea that accumulation of these ions may impair the ability of the leaf to regulate water loss under conditions of extreme evaporative demand by perhaps interfering with normal stomatal closure (20) . Table 3 ). The location of the tissue in the leaf margin, rather than its specific chloride content, thus determined the site of injury. This finding would appear to support the view that water stress caused by uncontrolled transpiration was respon sible for the injury rather than localized chloride accumulation. However, the incipient injury symptom indicated toxicity rather than excessive water loss. Instead of a wilt, the marginal leaf tissue at the time of samplin g appeared water-soaked, indicating that cell membranes had become leaky, permitting cell sap to fill the intercellular spaces. Irregular lesions that are not marginal (e.g. sodium toxicity in avocado) also imply a mechanism that is not related to water stress, which should cause marginal or tip burn (9) . These discordant observations indicate the need for further study of the mechanisms of Cl and Na toxicities in plants.
The increase in sodium concentration of the soil water with increasing sodicity (Table 2A) is a direct hazard to fruit crops specifically sensitive to Na. Toxic accumulations of sodium may occur at relatively low ESPs of about 5 (22) when other nutritional'and physical effects of sodicity are absent.
Salts normally are absorbed by the roots and translocated to stems and leaves.
When foliage is wetted by sprinkler irrigation, leaves may absorb salts directly. Even sodium, which is not translocated to the leaves from the roots of some species, may be taken up directly by their leaves and accumulated just as readily as chloride (33) . Susceptibility to damage by foliarly absorbed salts depends more on leaf characteris tics and rate of foliar absorption than on tolerance to soil salinity. Avocado, which is very salt-sensitive, was not damaged by sprinkling with waters containing Na+ or Cl-because foliar absorption rates were very low. Citrus, stone fruits, and almond absorbed salts fo liarly and were severely damaged (33) . Among other species stud ied, sugarcane (1 4) and strawberry (32) have low rates of foliar salt absorption, but grape leaves (L. Bernstein, unpublished) absorb salts readily. When a species absorbs salts readily through its leaves, tolerance to salinity of sprinkled irrigation waters (specifically Cl-and Na+ concentrations) is markedly reduced. As little as 5 meq/liter in the irrigation water wetting foliage in drenching sprays can cause CI or Na to accumulate to damaging levels in leaves of susceptible fruit crops (33) . Intermittent wetting by rotating sprinklers increases the salt con centration of water films on the leaves by evaporation, and as little as 2 or 3 meq of Na or CI per liter in the irrigation water may cause severe leaf damage (43) . Sprinkling during the evening reduces foliar salt absorption by one half compared to daytime sprinkling (33) . The symptoms of leaf injury by fo liarly absorbed salts are the same as those caused by salts absorbed through the roots.
In comparing foliar-and root-mediated salt uptakes, one must remember that root uptake is continuous but that foliar absorption may occur only during the 10% or less of the time that leaves are wetted by the sprinklers. Thus, foliar absorption per millequivalent chloride in the irrigation water can be about 100 times as great as the rate of root absorption (33) . Susceptible species may be sprinkler irrigated by low-head systems that do not wet any significant fraction of the foliage.
Nonwoody species that do not appear specifically sensitive to chloride or sodium when surface irrigated, may be injured by sprinkling with brackish waters contain ing c 10--20 meq Na or CI per liter (19) . Injury does not occur with waters of 2-3 meq/liter, as in susceptible woody species. Leaf symptoms, including leaf burn, are similar to those observed on woody plants. Even highly salt-tolerant crops, such as cotton, have suffered a 50% decrease in yield when sprinkler irrigated with brackish waters during the day, whereas nighttime sprinkling or furrow irrigation with the same water caused no injury (27) .
Salt spray has long been recognized as a source of salt damage to vegetation along sea coasts. Surf throws fine droplets of sea water into the air, which are carried onshore. Deposited on leaves, this cyclic salt causes much of the salt injury to coastal vegetation (35) . The salt is probably deposited mostly in dry form, and as such is probably not directly injurious. However, dews common to humid coastal areas may dissolve the salt, permitting osmotic, or toxic effects, or both. Water may also be absorbed from the air by hygroscopic salts.
When salt (NaCl) is used for deicing highways, automobiles may throw salt spray directly onto the foliage of nearby plants (72) or cause injury by aerial salt drift (54) . Runoff of saline waters from highways deiced by salt may severely injure roadside trees (28). The symptoms and foliar saIt content indicate that injury is similar to that caused by chloride and sodium to susceptible woody species under arid-zone conditions.
Power plants and other industries that use water-cooling towers also cause salt drift. Air passing through the towers picks up fine droplets of water, which, like cyclic saIt, is carried to surrounding vegetation. In this case too, salt may be deposited mostly in dry form, but dew or water absorbed from the air by hygro scopic salts may dissolve the salts and cause injury. Although as little as 100-200 Ib of salt per acre per year may be deposited downwind from salt-water-cooling towers (78) , such salt deposits on leaves dissolved in water films can achieve concen trations approaching or exceeding that of sea water. (One hundred lb of saIt per acre per year = 1.12 g/IOOO cm2 per year. In a water film 0.10 mm thick the salt concentration will be 112 g/liter, or more than three times the concentration of sea water. Actual duration of cumulative deposition would, of course, depend on fre quency of rainfall. The salt deposited in one day would yield a solution of 307 mg salt/liter in a water film 0.10 mm thick, which is equivalent to 5.2 meq/liter for NaCl, a concentration that causes damaging foliar salt absorption in susceptible species.) Because of the low annual rates of salt deposition by such salt drifts, soil salinity would usually be a minor factor compared to foliar saIt deposition.
Salt drift from sprinkler-irrigated fields has even injured crops in adjacent fields. The relationships of injury by cyclic salts and salt drift to atmospheric conditions and salt properties (especially hygroscopicity) should be investigated to define the conditions under which such salt injury occurs.
OTHER TOXICITIES Most sodium and chloride injuries occur on definitely salt affected soils. Other elements, however, may be toxic at very low concentrations and bear no consistent relationship to salinity. Thus, the essential element boron may be toxic if its concentration is increased only severalfold above the 0.2--0.5 mg/liter that is required for optimum growth (79) . Lithium appears to be toxic to citrus at the very low concentration of 0.1 mg/liter (25) . Selenium occurs in well waters in Wyoming, and is believed to be toxic at concentrations greater than 0.2 mg/liter (57). Although they do not contribute significantly to soil salinity, these elements (especially boron) are usually included in evaluations of irrigation water quality.
MANAGEMENT PRACTICES IN RELATION TO SALINITY AND SODICITY CONTROL Reclamation
Before severely salt-affected soils can be cropped, they usually must be reclaimed by applying water to leach excess salts out of the soil (75) . If soils are sodic, soil amendments such as gypsum or sulfur may be needed. Land may become saline or sodic during the course of cropping, requiring periodic leaching, or the application of soil amendments, or both. Furrow irrigation salinizes the ridges between the furrows (75), but basin-or fl ood-irrigated crops in the rotation promote leaching of salts accumulated during a previous period of furrow-irrigation. The need for peri odic reclamation may thus infl uence the cropping pattern for irrigated lands.
For leaching to be effective, soils must have adequate internal drainage, since leaching salts into a shallow water table may only result in a rapid resalination of the root zone. Artificial drainage by tile drains or pumping may be needed to lower the water table (75) .
Leaching Requirements and Irrigation Management
Most irrigation waters contain more salts than are removed by the crop, so that continued irrigation without leaching will progressively salinize the land. Water in excess of consumptive use (evapotranspiration) must therefore be applied to carry the residual salts out of the root zone. The fraction of total water applied in irrigation that is needed for leaching is called the leaching requirement (LR): LR = V d IVj, where V d and Vj are the required volumes of drainage and irriga tion waters, respectively (75) . If one assumes salt conservation in the soil water (69, 75) , then salt concentration will be inversely proportional to water volume, and LR = C/Cd where Cj and Cd are salt concentrations in the irrigation and drainage waters, respectively. If electrical conductivity is used as a measure of salt concentra tion, then LR = EC/ECd. The more saline the irrigation water, the greater the leaching requirement. ECd in this equation is the maximum EC of the drainage water that permits normal yields. It is greater the more salt-tolerant the crop.
Crops can concentrate the soil water to a greater degree than was previously thought possible, with little or no loss in yield (18) . For tolerant crops ECds may reach 40-45 mmholcm, but for sensitive crops only 14 mmholcm (Table 4) . With most irrigation waters and crops, regularity of leaching is not critical. Even when salinities in the lower root zone approximate the tolerable limits for a crop, leaching only every sixth irrigation can be as effective as regular leaching (18) .
Soil-water salinity in irrigated fields may range from a low value in the upper root zone that approximates the salinity of the irrigation water, to a value ten or more Table 4 Crop tolerances to soil salinity (EC e ), and maximum salinities of irrigation waters for full yield potential (EC i ) and of drainage waters for 85-100% of full yield potential (EC d ). All salinities in mmho/cm at 25°C (8, 18) times greater at the bottom of the root zone. It was previously assumed that in such profiles plants respond to the average soil-water salinity. If this were the case, an increase in salinity of the upper root zone caused by the use of a more saline irrigation water could be compensated for by decreasing the salinity in the lower root zone. However, plants appear more sensit · ive to changes of salinity in the upper root zone than in the lower root zone. An increase of 1 mmho/cm in ECi affected yield of alfalfa about as much as a c 20 mmho/cm increase in the lower root zone or ECd (18) . This effect is accounted for by the much greater water uptake from the less saline than from the more saline parts of the root zones. Salt uptake (Na and CI) by alfalfa is also relatively unaffected by salinities in the lower root zone. Small changes in irrigation water salinity, however, cause marked changes in CI and Na contents in alfalfa (18) . Thus, an increase in salt uptake by a crop caused by increased Na or CI content of the irrigation water cannot be compensated for by increasing the leaching fraction to decrease salinity in the lower root zone.
Assessing Irrigation Water Quality
The principal criteria of quality of irrigation water are salinity, sodicity, and toxicity as determined by EC, SAR, and specific ion concentrations, respectively. However, the effects on crops of a given water are not determined solely by these water properties. Even nonhazardous waters may cause problems under adverse condi tions of use. Water quality factors should, therefore, be considered in relation to the specific conditions under which the water is to be used (11). However, the potential of a given water for crop production can be defined unequivocally as the best attainable result for that water under optimum conditions of use. When a water already contains more salts than the crop in question can tolerate, its potential for crop production is impaired. Tolerable limits for chloride, boron, and other irriga tion water components depend on specific crop tolerances (9, 11, 79) . Specific limits for salinity can be derived from salt tolerance data [ (8,) and Table 4 ]. Yields of sensitive crops are affected when ECi exceeds I mmho/em, whereas the most tolerant crops arc affected only when ECj is greater than 6-8 mmho/cm.
Irrigation practices, especially irrigation fr equency, infl uence soil salinity and plant response to it. When crops are irrigated at conventional frequencies, soil-water contents may decrease appreciably during an irrigation cycle, and both decreased matric and osmotic potentials may reduce yields (76) . Even when mat ric potentials remain high (e.g. above -1 bar), the osmotic potential of saline soils may decrease significantly during an irrigation cycle. If water deficits are replaced frequently, roots will have a steady supply of water at the minimum salinity of the irrigation water. This can be achieved by daily small applications of water as by drip (trickle) irrigation (17) .
The proposal to irrigate crops in sandy coastal areas with sea water (26) has received much popular attention in recent years. Although halophytic higher plants grow in coastal marshes that are fl ooded by sea water, no crop plants tolerate sea-water salinities of 35,000 mg/liter. Yields of the most tolerant crops are affected when irrigation water salinities exceed 4000-5000 mg/liter (Table 4 ). This occurs even in sand cultures through which solutions are fl ushed twice daily (21) . So-called sea-water irrigation may employ coastal or estuarine waters much less saline than oceanic waters (e.g. 7000 mg/liter), and may thus have some potential, especially when used to supplement rainfall in humid or subhumid areas. Brackish ground waters of still lower salinity (e.g. 3000 mg/liter) have considerable potential fo r the irrigation of salt-tolerant crops even in arid zones, under proper soil and manage ment conditions.
Crop Selection fo r Salt-Affected Soils
Salinity or sodicity cannot be entirely eliminated when the only available irrigation waters are saline, or when soil properties are marginal. In such situations, only those crops that can tolerate the resultant salinity or sodicity should be grown (8) . During the later stages of reclamation, tolerant crops may be grown to yield some economic return. Tolerant grasses and legumes tend to improve soil structure in partially reclaimed soils through the beneficial action of roots, or through their incorporation into the soil as green manures. Salt tolerance data are useful in selecting suitable crops for such conditions (8) .
Planting Me thods
Plants were thought to be more sensitive to salinity during germination than at later growth stages because germination fa ilures occur so often in salt-affected soils. Salt tolerances during germination and later growth stages, however, are similar for most species, with the notable exception of beets which are much more sensitive during germination than at later stages (22) . The app arent greater sensitivity during germi nation in the fi eld is caused, in part, by the tendency for salts to accumulate near the soil surface because of evaporation (17, 19) , which also increases the salinity of the residual soil water.
Salt transport is especially pronounced in furrow-irrigated soils. In a single post planting irrigation, water moving into the planting bed concentrates thc salts near the surface at the center of the bed to 5-10 times the salinity of the soil before irrigation. Seeds planted in this location frequently fail to germinate even when the soil salinity prior to irrigation was quite low (23) . Salinity decreases from the center to the shoulders of the beds so that double-row plantings near the bed shoulders are at about the same salinity as the original soil before irrigation (16) . Sloping seed beds with seeds planted one third of the way below the peak of the bed permit good germination even under extremely high initial soil salinities, because water moving into the bed sweeps salts beyond the plant row into the peak of the bed (16, 23) . Sprinkler irrigation is now frequently used to start row crops such as lettuce, because sprinkling washes salts down below the seed depth (70) . Sprinkling may also main tain a more fa vorable soil-water (and sometimes temperature) status, with consider able saving of water.
PATHOGENICITIES AND SALT-AFFECTED SOILS
The effects of salinity and sodicity are physiological, whether nutritional, osmotic, or directly toxic. No pathogens are directly involved, although some secondary pathogenic effects have been noted. Saline soils remain wetter than comparable nonsa1ine soils under given meteorological conditions, primarily because water use by saIt-stunted plants is reduced. Poor soil permeability or drainage, often responsi ble for salination, also keeps soils wetter. Wet soil conditions may favor phytoph thora root rot and other fungus infections (13, 17) . None of these diseases is specifically salinity induced. Improving the water regime by better irrigation or drainage may prevent the fungus diseases associated with wetter soil conditions, even without any decrease in soil salinity. 
